Human granulocyte-macrophage colony-stimulating factor (GM-CSF) has been shown to inhibit migration of mature granulocytes and to enhance their antibody-dependent cellular cytotoxicity. We found that human recombinant GM-CSF also enhanced granulocyte-granulocyte adhesion and increased by two-to threefold the surface expression of Mol and LeuM5 (P150, 95), two members of a family of leukocyte adhesion molecules (Leu-CAM). Increased Mol surface expression occurred within 15 min at 370C and was maximal at the migration inhibitory concentration of 500 pM. One-half maximal rise in the expression of Mol on the cell surface occurred at 5 pM. The chemotactic peptide f-Met-Leu-Phe produced a comparable rise in surface Mol with one-half maximal expression occurring at 7 nM. Both GM-CSF and f-Met-Leu-Phe produced optimal granulocytegranulocyte adhesion at 500 pM and 100 nM, respectively. This adhesion-promoting effect induced by either stimulus was inhibited by a mouse monoclonal antibody directed against Mol antigen. These data indicate that GM-CSF promotes cell-to-cell adhesion, presumably through enhanced expression of leukocyte adhesion molecules. This mechanism may explain, in part, the known effects of GM-CSF on the function of mature granulocytes.
Introduction
Human granulocyte-macrophage colony-stimulating factor (GM-CSF)' is a glycoprotein produced by mitogen-or antigenstimulated lymphocytes (1) . The sequences encoding both human-and mouse-derived GM-CSF have recently been cloned, greatly facilitating the production ofsubstantial quantities ofthe pure proteins. Human GM-CSF has been expressed in mammalian cells. The recombinant product (2, 3) migrates on sodium dodecyl sulphate-polyacrylamide gel electrophoresis as a broad band, ranging in molecular mass between 18 and 35 kD (due to variable glycosylation) with the major glycoprotein at 22 kD (2, 3) . The availability of the pure recombinant CSF has greatly facilitated the analysis of its biological properties both in vitro (4) (5) (6) (7) (8) (9) (14) . In this study we investigated the possibility that some of the effects of GM-CSF on mature granulocytes may be secondary to enhanced cell adhesion mediated by increased surface expression of one or more members ofthe Leu-CAM family.
Methods
Recombinant GM-CSF was produced in Chinese hamster ovary cells (to be published elsewhere) and purified to homogeneity using reverse-phase high performance liquid chromatography as previously described (2, 3). (18) , was generated as described ( 19) .
Human granulocytes were purified at 40C from EDTA-anticoagulated blood by Ficol-Hypaque centrifugation followed by hypotonic lysis of contaminating red blood cells as previously described (20) .
Immunofluorescence analysis. After incubation with medium, GM- cell number. Fluorescence measurements were converted from a logarithmic to a linear scale using a calibration factor. Leukoaggregation assays. Enhanced cell-to-cell adhesion in response tof-Met-Leu-Phe or GM-CSF was measured using two different assays. (a) The microtiter plate assay was performed as previously described (2 1). Briefly, to 50 ul ofgranulocytes (8 X 106/ml in isotonic Tris-NaCl, pH 7.4) various concentrations off-Met-Leu-Phe or GM-CSF were added. The final volume was brought to 400 ,l with RPMI 1640 medium containing 0. 1I% human serum albumin. Cells were rapidly resuspended and 200-Ml aliquots were placed in duplicate wells in a 96-round bottom microtiter plate. After a 25-min incubation at 370C in a humidified atmosphere containing 5% C02, the cell settling patterns were assessed by visual inspection. Untreated cells settled to a round pellet at the center of the well (0 aggregation). Aggregated (Fig. 1) . No significant rise in the surface expression of LFA-I was detected. The increased expression of Mol (both alpha and beta subunits) was rapid, reaching -85% ofthe maximal response within 5 min at 370C (not shown). One-half maximal increase in Mo 1 surface expression occurred at a GM-CSF concentration of 5 X 10-12 M with maximal expression reached at 5 X 10-10 M (Fig. 2) . This latter GM-CSF concentration maximally inhibited granulocyte migration by 33% (Wang, E. A. Figure 1 . Effect of GM-CSF (5 X 10-10 M) on the surface expression of the alpha subunits of Mol (Mol ,), LFA-I (LFA-la), LeuM5 (LeuM5.), and their common beta subunit (fi). Quantitative expression of these antigens on cells treated with medium alone (A) or GM-CSF (B) was performed using a FACS IV flow cytometer. The mean peak channel fluorescence was converted into a linear value, as indicated in parentheses. GM-CSF-induced rise in surface expression (compared with medium alone) of Mol, LFA-1, and LeuM5 was: (Mean±SD) 2.4±0.36-fold, 1.125±0.15-fold, and 2.05±0.68-fold (n = 4), respectively. and S. C. Clark, unpublished observations). In comparison, fMet-Leu-Phe induced one-half maximal Mol expression at 7 X 10-9 M (Fig. 2) . At 1 X 10-6 M, anf-Met-Leu-Phe concentration that inhibited chemotaxis (23) , Mol Enhancement of granulocyte-granulocyte adhesion (leukoaggregation) by GM-CSF. As shown in Fig. 3 , granulocytes aggregated (as reflected by an increase in light transmission) when exposed to GM-CSF (2 X 10-9 M) (tracing A) or tof-Met-LeuPhe (10-6 M) (tracing C). The effect of medium used to dilute GM-CSF (tracing B) was not significantly different from buffer alone (tracing D). Since changes in light transmission not only reflect aggregation but also changes in cell shape (24), a more direct microtiter plate assay was also used to measure aggregation. As shown in Fig. 4 (top) , untreated granulocytes did not aggregate and settled to a spot at the center ofthe well (well a). Granulocytes treated with GM-CSF (5 X 10-0 M) (well c) orf-Met-Leu-Phe (10-6 M) (well b) aggregated and settled in a diffuse manner uniformly covering the base of the wells (4+ aggregation). Leukoaggregation was confirmed by microscopic examination of a cell aliquot from replicate wells treated with medium alone or with GM-CSF. Cells treated with medium alone did not aggregate (Fig. 4, bottom, panel 1) . GM-CSF-treated (5 X 10-10 M) cells, however, formed large aggregates (Fig. 4, bottom, panel 2) . fMet-Leu-Phe produced one-half maximal aggregation (2+) in the microtiter assay at 10-8 M while GM-CSF produced a similar response at 10-" M (not shown). Significantly, aggregation induced by GM-CSF orf-Met-Leu-Phe was inhibited by the Fab fragment of a monoclonal antibody to Mol (Fig. 4, top, wellsf  and g, respectively) but not by a control antibody directed against Mo5, another granulocyte surface antigen (Fig. 4, top, wells d and e).
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Discussion
In this study, recombinant GM-CSF rapidly increased the expression of Mo 1 and LeuM5 antigens on the surface of mature granulocytes and enhanced adhesion of granulocytes to each other. Cell-to-cell adhesion was blocked by the Fab fragment of an anti-Mo 1 monoclonal antibody, suggesting that the Mo 1 antigen is involved in this GM-CSF-induced function. GM-CSF is thus similar to a number of stimuli, such as f-Met-Leu-Phe, phorbol esters, complement C5a, calcium ionophore A23187, and tumor necrosis factor (25) (26) (27) that increase expression of Mo 1 on the surface membrane of granulocytes. Increased Mo 1 surface expression induced by these stimuli occurs within minutes and may be due, as in the case ofcalcium ionophore A23 187, to a translocation of Mo 1 from an intracellular pool present in the secondary and/or tertiary granules to the cell surface (25, 28) . Although both GM-CSF andf-Met-Leu-Phe induced comparable amounts of surface Mo 1 expression (Fig. 2) , GM-CSF was approximately 1,000 times more potent than f-Met-LeuPhe, on a molar basis. This significant difference was also seen in the granulocyte aggregation response (Figs. 3 and 4) . Onehalf maximal stimulation of Mo 1 surface expression and of aggregation occurred at 5-10 pM (Fig. 2 and data not shown), in agreement with the recently derived binding affinity of '251I-GM-CSF to neutrophils (dissociation constant, 17 nM) (29) .
It has previously been established thatf-Met-Leu-Phe is chemotactic to human granulocytes at concentrations below 10-8 M. At higher concentrations (10-6 M), f-Met-Leu-Phe inhibits granulocyte migration (so-called chemotactic deactivation) (23) . One possible mechanism for the latter effect appears to be increased adhesion of cells to the substratum produced by the higher concentration of the stimulus (23) . It is interesting to note that in this concentration range, f-Met-Leu-Phe produced maximal Mo 1 surface expression (Fig. 2) and adhesion of granulocytes to each other (Figs. 3 and 4) . GM-CSF in concentrations that inhibit granulocyte migration (5 X 1010 M) also produced similar phenotypic and functional cell responses (Figs. 1, 2, and  3 ). It appears likely, therefore, that the migration inhibitory effects of GM-CSF may be mediated, in part, by enhanced cell adhesion secondary to increased surface expression of certain leukocyte adhesion molecules.
Finally, this adhesion-promoting function of GM-CSF on mature granulocytes may be important in vivo. GM-CSF produced locally may help in trapping granulocytes at the inflammatory site and in enhancing their cytotoxic functions. Systemic production ofthis cytokine, on the other hand, may impair vascular egress of these phagocytic cells and predispose to systemic leukoaggregation and bacterial dissemination. This may be of importance in devising protocols for using this cytokine therapeutically in humans.
